(G) Immunoprecipitation by antibodies against KIF5s, hnRNP-U, Pur proteins, and a control motor protein, KIF3B. Precipitants were examined using antibodies against KIF5s, identified proteins, marker proteins, and KIF3B. In addition to the identified proteins, the RNA-transporting proteins were coprecipitated. (H) RT-PCR on the pull-down samples by ⌬N1 and ⌬C1 and control brain mRNA. The mRNAs for CaMKII␣ and Arc but not for GAPDH or ␣-tubulin were specifically pulled down by ⌬N1.
duced by its functional blockage, confirming the involve-( Figure 1A ) (Nakagawa et al., 2000). We applied fraction S2 of mouse brain to each GST-HCF column and specifiment of kinesin in their transport. We also examined the necessity of the identified proteins in the "transport" of cally isolated many bands having similar patterns ( Figure  1B ). To clarify how these proteins were isolated, we RNA using RNAi. Finally, we performed a 2D-PAGE study followed by a MS/MS analysis (2D-MS/MS) to systematiconducted a series of deletion studies to investigate their binding domains on KIF5 ( Figure 1C) . Surprisingly, cally identify the proteins in the granule and determined a total of 42 proteins including those for RNA transport, all proteins were pulled down by a conserved sequence of 59 amino acids (⌬C3) in a necessary and sufficient protein synthesis, translational silencing, and so on. Thus, kinesin transports RNA selectively in dendrites via manner; which we named "minimal binding site" (MBS). This result suggested that the proteins were isolated this granule-our data shedding new light on the study of RNA transport.
as a "complex" rather than separately. Among these constructs, we focused on ⌬N1 and ⌬C1, which had the same size and similar ␣-helical structures. ⌬N1 conResults tained MBS and pulled down proteins like MBS, whereas MBS-lacking ⌬C1 did not isolate any band at all. We Isolation of an RNA-Transporting Complex Using KIF5 Tail then used ⌬N1 and ⌬C1 as the binding fragment and its nonbinding control, respectively. Kinesin binds to the cargos via its tail domain. To isolate the binding partner of kinesin, we fused KIF5 tails to KIF5 tail isolated many proteins. We then eluted the column with increasing salt conditions to determine the glutathione S-transferase (GST) to create affinity columns (GST-HCF5A, GST-HCF5B, and GST-HCF5C;
"key" proteins that were more strongly bound to KIF5 ( Figure 1D ). Three proteins (hnRNP-U, Pur ␣, and Pur ␤) "HCF" stands for "hinge to the C-terminal fragment") were eventually eluted, and they became the primary focus. We also identified nine proteins from the fractions that were eluted under lower salt conditions (PSF, DDX1, DDX3, SYNCRIP, TLS, NonO, HSPC117, ALY, and CGI-99). Since Pur ␣ and some DDX proteins (vasa and Me31B, the Drosophila homologs of DDX4 and -6, respectively) are included in the RNA-transporting granules (Breitwieser et al., 1996; Nakamura et al., 2001; Ohashi et al., 2002) and hnRNP-U is transported toward the cell periphery in association with viral RNPs (Gupta et al., 1998), we assumed the complex to be an RNAtransporting one.
Since we identified many RNA-associated proteins in the complex, we examined possible nonspecific bindings prior to any further investigations. We used heparin and tRNA to investigate the specificity of protein-RNA interactions (Shan et al., 2000) and any RNA-mediated linkage between KIF5 and the complex, respectively ( Figure 1E ). These reagents decreased few, if any, bands in the pull-down sample, indicating just specific protein-RNA interactions in the complex and the absence of any linker RNA between KIF5 and the complex. On the other hand, RNase treatment dramatically decreased the isolated proteins, confirming the presence of RNA in the complex ( Figure 1F and also see Supplemental Figure  S1 [http://www.neuron.org/cgi/content/full/43/4/513/ DC1]). Interestingly, five RNA transport-associated proteins (staufen, three FMRPs, and EF-1␣) were pulled down in the same manner, whereas the marker proteins for spliceosome (U1snRNP-70), ER (BiP), and synaptic vesicles (synaptophysin [p38]) were not isolated even in the presence of RNase inhibitor. Further immunoprecipitation studies using antibodies against KIF5s, hnRNP-U, and Pur proteins ( Figure 1G ) and those against the identified proteins together with staufen, FMRPs, and EF-1␣ (see Supplemental Figure S2 ) suggested the presence of the complex containing the 12 identified and five RNA-transporting proteins and its association with kinesin. Since the RNA-transporting proteins showed colocalization to the Pur ␣-containing granules in dendrites ( Figure 4A and also see Supplemental Figure S3 ), we added them to the proteins in the complex. Using RT-PCR, we also investigated the RNAs to be transported in the complex. The mRNAs for CaMKII␣ and Arc but not those for the control GAPDH or tubulin were pulled down by ⌬N1 but not by ⌬C1 Figure 1H ). These data strengthened our belief that we (A) Effects of Triton X-100 and RNase on the complex. "P" and had isolated an RNA-transporting complex from mouse "S" are the fractions P3 and S3 from mouse brain, respectively. brain using KIF5 tail.
hnRNP-U, Pur proteins, and staufen in fraction P3 were Triton X-100 resistant but RNase sensitive. On the other hand, BiP and p38 in the same fraction were Triton X-100 sensitive but RNase resistant. whereas hnRNP-U, Pur proteins, staufen, the major part 80S, polysomes Ͼ 80S) as size markers. For this purpose, we prepared two sets of fractions centrifuged for of KIF5s, and rRNA sank into the 70% sucrose layer. We thus concluded that the complex was a protein-RNA 0.5 or 6 hr, respectively. Pur proteins reached the second fraction from the bottom after centrifugation for 0.5 hr. complex but not a vesicle-type cargo.
The Complex Is Not a Vesicle
On the other hand, p38 and the slowest rRNA appeared around the center even after 6 hr centrifugation. Thus, The Complex Is a Granule with a Large Size of 1000S‫ف‬ the fastest fraction in the complex sank more than 12 times as fast as p38 or free rRNA; thus, its size was As the complex was large enough to be found in fraction P3, we performed a velocity gradient study to estimate calculated to be 1000S or more. The size was consistent with our immunofluorescence studies observing comits size ( Figure 2C ). First, we examined fractions that were centrifuged for 1 hr. hnRNP-U, Pur proteins, and plex proteins as large "granules" in dendrites ( (Table 1) . Interestingly, most of them were RNA-associated proteins, functioning for RNA transport, protein synthesis, Size of the Granule translational silencing (RNA helicases), and so on. Thus, Pur ␣ was observed by light microscopic study as granthe granule contained the machinery for the protein synules that varied both in size and intensity, and they were thesis together with the translational regulators as well indicated to be large but not uniform (Figure 4) . Indeed, as the RNAs to be transported and the RNA-transthe size of the granules ranged broadly up to 1000S or porting proteins. more, although they might have been partially degraded during sample preparation ( Figure 2C Hippocampal Cell Culture We cultured hippocampal neurons from E16 mouse embryos in MEM supplemented with 1 mM pyruvic acid, 0.6% glucose, and Pull-Down Study and Protein Identification B27 (Gibco) (Goslin et al., 1998). We used adult primary hippocampal We produced the recombinant GST-fused proteins by a standard neurons (stage 5) for the light microscopic studies that followed. E. coli expression system (BL21-DE3). The proteins were purified using glutathione-Sepharose 4B beads (Pharmacia) to make affinity columns (Nakagawa et al., 2000) . We homogenized mouse brains Immunofluorescence in IMAC (20 mM HEPES [pH 7.4], 140 mM potassium acetate, 1 mM magnesium acetate, 1 mM EGTA, supplemented with protease inWe performed immunostaining of brain sections and cultured neuhibitors) containing 100 U/ml RNase inhibitor (Ambion). In some rons using a standard protocol (Kanai and Hirokawa, 1995; Kanai experiments, we added 10 g/ml RNase A (Sigma) instead of the et al., 2000). In brief, cells fixed with 4% paraformaldehyde in 0.1 M RNase inhibitor, 1 mg/ml heparin (Sigma), or 10 mg/ml yeast tRNA phosphate buffer (pH 7.2) were permeabilized with 0.1% Triton (Roche) as described in the text. We precleared fraction S2 of this X-100 in PBS. In treatments with pepsin, we incubated the fixed homogenate (described below) with glutathione-Sepharose 4B cells in 1 mg/ml pepsin in 0.2 M HCl for 1 min (Fukaya and Watanabe, beads, which was then applied to the affinity columns. The columns 2000). For double staining of KIF5A and Pur ␣, we removed free and were washed with IMAC followed by elution with a high-salt buffer membrane bound kinesin by permeabilizing cells with 0.1% Triton (0.5 M NaCl, if not otherwise noted).
X-100 in the microtubule stabilizing buffer (60 mM PIPES, 25 mM To identify the proteins separated on PAGE gels, bands excised HEPES, 10 mM EGTA, 2.5 mM MgCl 2 , 10 M Taxol) for 5 min before and digested with trypsin (Roche) or Achromobacter protease (API; fixation using 4% paraformaldehyde in the same buffer. We added a gift from Dr. Masaki, Ibaraki University) (Masaki et al., 1981) were RNase (10 g/ml) to the permeabilizing buffer to investigate the subjected to a 4700 Proteomics Analyzer (Applied Biosystem) or effect of RNase on the Pur ␣-containing granules. We then incubated peptide sequencing.
the cells with the first antibodies in 2% skim milk in PBS, followed by the Alexa-conjugated second antibodies (Molecular Probes). For double staining using polyclonal antibodies with anti-Pur ␣ antibody, Subcellular Fractionation and Immunoprecipitation we used Alexa 488-conjugated anti-Pur ␣ labeled with Alexa Fluor Differential Centrifugation (Molecular Probes) as the third antibody in 1% skim milk and 10% The supernatant after centrifugation of mouse brain total homogenormal rabbit serum in PBS. nate in IMAC at 1000 ϫ g for 10 min was S1. The supernatant of S1
RNA Visualization centrifuged at 10,000 ϫ g for 10 min was S2. The supernatant and We used the following cDNA fragments for the RNA probes: CaMKII␣ pellet of S2 obtained by centrifugation at 100,000 ϫ g for 1 hr were 142-313, Arc 635-803, and ␣-tubulin 808-976. We synthesized anti-S3 and P3, respectively. To investigate the effect of detergent or sense and sense RNA probes labeled with digoxigenin using an RNase, we incubated fraction S2 on ice for 2 hr with or without Ampliscribe Transcription Kit (Epicentre) and Dig-11-UTP (Roche). Triton X-100 (1%) or RNase A (10 g/ml) before separation into S3 Cultured neurons were fixed with 4% paraformaldehyde in PBS and P3. containing 5 mM MgCl 2 (PBSM) and permeabilized with 0.1% Triton Floatation Assay X-100 in PBSM. Cells, prehybridized in a hybridization buffer (30% Sucrose layers (0%, 40%, 50% with fraction S2, and 70% sucrose formamide, 2ϫ SSC, 10% dextran sulfate, 10 mM NaH 2 PO 4 , 250 g/ in IMAC) were centrifuged using an SW40Ti rotor (Beckman) at ml yeast tRNA and 100 g/ml denatured herring sperm DNA) at 48ЊC 40,000 rpm at 4ЊC for 8 hr. We examined the borders between the for 2 hr, were hybridized with denatured RNA probes in the same layers (0/40, 0% and 40%; 40/50, 40% and 50%; 50/70, 50% and buffer at 48ЊC overnight. Cells were washed with 2ϫ SSC containing 70%) and the sample-loaded layer (50% [load] ). 30% formamide, followed by 2ϫ SSC at 48ЊC, and were then double Sucrose Velocity Gradient stained by the antibodies against digoxigenin and Pur ␣ as deFraction S2 of mouse brain with or without detergent (1% Triton scribed above. X-100 together with 1% Chaps to exclude possible Triton X-100-Observation insoluble vesicles) and RNase A (10 g/ml) laid over a 15%-30%
We observed the cells under an LSM-510 confocal laser-scanning sucrose gradient on a 70% sucrose cushion was centrifuged using microscope equipped with a Plan Neofluar 40/1.30 lens (Zeiss). the SW40Ti rotor at 40,000 rpm at 4ЊC for 0.5, 1, or 6 hr. We collected fractions from the bottom.
Movement of Granules in Neurons Nuclear Preparation
Six hours after transfection with GFP-Pur ␣, we observed the neuWe purified nuclei from mouse brain according to the methods of rons under a TS-100 inverted microscope (Nikon) equipped with Widnell and Tata (1964). an S-Fluor 40/0.90 lens and an ORCA-100 cooled digital camera Immunoprecipitation (Hamamatsu Photonics). We obtained images every 20 s using the We precleared the fraction S2 of mouse brain with Protein A SephaIPLab software (Scanalytics). rose Fast Flow (Pharmacia) immediately in the presence of an RNase inhibitor or after treatment with RNase on ice for 10 hr. The precleared fraction was subjected to immunoprecipitation using Protein Overexpression/Dominant-Negative Mutant Study A microbeads (Miltenyi Biotech) according to the manufacturer's inWe transfected YFP-Pur ␣ (0.1 g) to cultured neurons with CFPstruction.
tagged constructs (KIF5A, ⌬N1, or ⌬C1) or pBluescript (0.9 g).
Preparation of Total RNA
We observed the cells 24 hr later under a TS-100 microscope and We used RNA-Bee (Tel-Test) to purify total RNA. measured the farthest transported distances of YFP-Pur ␣-conImmunoblotting taining granule from the root of the dendrite in 120 transfected We performed immunoblotting according to a standard protocol as cells/construct. previously described (Kanai et al., 1992) .
RNAi siRNAs corresponding to Pur ␣, hnRNP-U, PSF, DDX3, SYNCRIP, RT-PCR We isolated mRNAs from the pull-down samples and mouse brain staufen, and controls were synthesized by Dhamacon. The sequences of the siRNAs were as follows. Pur ␣, 5Ј-(AA)CAAGCGUUU using a MACS mRNA isolation kit (Miltenyi Biotech). cDNAs were generated using a Time Saver cDNA kit (Pharmacia) and then were CUACCUGGAC-3Ј; hnRNP-U, 5Ј-(AA)GAUCAUGGCCGAGGGUAUU-3Ј; PSF, 5Ј-(AA)CGAACUUUUGGAAGAGGCC-3Ј; DDX3, 5Ј-(AA)CGA subjected to RT-PCR. The primers used were as follows: CaMKII␣, ACCATTGAGGACGAAGACAC and GAAGTGGACGATCTGCCATT; UUGGAACAGGAACUCU-3Ј; SYNCRIP, 5Ј-(AA)GUGCUGUUUGUAC GCAACC-3Ј; staufen, 5Ј-(AA)GGUUGGAGGUAAAUGGAAG-3Ј. We Arc, AGAAGTCTTTGCTGCCATGTC and GAGGTTTCAGCTGGGCA ATC; ␣-tubulin, ACTATGCCCGTGGCCACTAC and GGGTACCAGG used siRNAs having the same nucleotide composition (e.g., c-Pur
